Introduction
Bacteriophage G4 belongs to the family Microviridae, a group of isomeric, lytic, single-stranded DNA phages that includes fX174 (Hayashi et al., 1988) . Its circular DNA( + ) genome of 5577 nucleotides (Godson et al., 1978) encodes 11 gene products, of which four proteins, F, G, J and H, participate in the capsid structure of the virion. There are 60 copies each of the F, G and J proteins and l 2 copies of the ''pilot'' H protein per virion (Table 1) .
G4, like fX174, recognizes a lipopolysaccharide (LPS) receptor on the outer membrane of Escherichia coli C. After attachment, the phage DNA and at least one of the H proteins are injected into the E. coli periplasmic space. The transfer of phage DNA into the cell requires energy and may be coupled to the synthesis of the complementary DNA strand (Newbold & Sinsheimer, 1970) . After DNA penetration, DNA and protein synthesis proceed and viral assembly is initiated. Five monomers of the F protein and five monomers of the G protein aggregate to form pentameric 9S and 6S particles, respectively. These pentamers, together with the H protein and the B and D scaffolding proteins, form 108S procapsids. The J proteins and DNA are then packaged into these particles to form, after the removal of the B scaffolding proteins, the 132S provirion particle (Siden & Hayashi, 1974) . Conversion to the infectious 114S particle involves removal of the D scaffolding protein, in the presence of divalent cations, and occurs in the final stages of morphogenesis and cell lysis (Mukai et al., 1979) .
Comparison of the sequences of the structural proteins of several Microviridae members, S13, a3, fK and G4, demonstrates that the F capsid proteins are the most conserved while the spike proteins are the most variable . The small J protein, required for the procapsid to package the DNA, is a highly positively charged polypeptide, and similar to other viral capsid protein domains that participate in nucleic acid packaging (Rossmann & Johnson, 1989) . The J protein of fX174 and S13 contains an additional, proline-rich, 12 amino acid residue insertion not found in the G4 J protein, which may contribute to differentiating the properties of these viruses (Fane et al., 1992) . The H protein contains a much larger percentage of glycine residues and a smaller percentage of aromatic residues than is usual for structural proteins. Such sequences often give rise to disordered peptide conformations and, hence, lack distinct structure (Huber & Bennett, 1983) .
Electron microscopy (EM) of negatively stained G4 virions (Olson et al., unpublished results) shows large spikes at the vertices of the icosahedral particles, consistent with EM (Olson et al., 1992) and crystallographic (McKenna et al., 1992a ) studies of fX174. This showed that the capsid had a mean diameter of about 260 Å , while measuring 320 Å between the external ends of the spikes. The spikes themselves are 30 Å long and have a mean diameter of 70 Å . The structure of the procapsid particle was studied by cryo-EM and found to be roughly spherical with a mean diameter of 360 Å . The spikes are obscured by the external scaffolding protein D (Ilag et al., 1995) .
The atomic structure of the mature phage fX174 has been determined to 2.7 Å resolution . The capsid consists primarily of F protein, with T = 1 (Caspar & Klug, 1962) icosahedral symmetry. The major motif is the eightstranded (bB to bI), anti-parallel, wedge- shaped b-barrel that is found in many other icosahedral plant and animal viruses. As in many other viruses (Rossmann & Johnson, 1989) , the F protein b-barrel is tangentially oriented to the viral capsid surface and the B-C, D-E, F-G and H-I corners, which form the narrow end of the wedge, point towards the 5-fold axes. There are also two large insertions, which include ten a-helices, within the F protein b-barrel motif. These insertions, representing about 65% of the amino acid content of the F protein, occur at the corners of the E-F and H-I strands and are 163 and 112 residues in length, respectively. The insertions form the surface topology of the phage, are involved in the monomer-monomer interactions between 5-fold related subunits in the mature virion and are important for host recognition. Genetic analyses indicate that the amino acid insertions are essential for assembly (Fane & Hayashi, 1991; .
Pentameric units of the G protein form the 12 characteristic spikes of fX174. The G protein has the same eight-stranded, anti-parallel b-barrel fold as the F protein, but without the large insertions. The orientation of the G protein b-barrel is different from that of the F protein b-barrel in that its strands run radially, nearly perpendicular to those of the F protein. The B-C, D-E, F-G and H-I corners form the characteristic flat pentagonal extremity of the spikes. A hydrophilic channel is created by the formation of the F and G pentameric units. Hydrophilic channels along the 5-fold axes are common to many virus structures and might be used for the transportation of ions (Kalko et al., 1992) . In picornaviruses the hydrophilic channel along the 5-fold axes could be required for externalizing the amino ends of VP1, all of the VP4 and the RNA in early stages of infection (Giranda et al., 1992) , while in parvoviruses the 5-fold channels are used to externalize the amino ends of The orientation is shown viewed down a 2-fold axis, relative to an icosahedral asymmetric unit formed by adjacent 5-, 3-and 2-fold axes. The triangle depicts that the icosahedral asymmetric unit is at a distance of 110 Å from the particle center. (b) Side view of (a), showing radial distances from the particle center along the 2-and 5-fold axes. the structural proteins (Tsao et al., 1991) . EM studies (Yazaki, 1981) indicate that DNA is ejected through one of the 5-fold channels of the fX174 capsid. The J protein, which does not exhibit any secondary structural features, has an S-shaped conformation and lines the interior of the capsid. The less basic C terminus of the J protein, which is conserved among G4, a3, fK and fX174, is situated in an interior cleft, produced by 5-fold related F protein b-barrels, and is in close proximity to a DNA binding site .
The original intention of the work presented here was to study the structure of the G4 procapsid intermediate. However, these particles are necessarily unstable over an extended period of time. Thus, while a cryo-EM study, such as was accomplished for fX174 (Ilag et al., 1995) , would have been possible, crystallization attempts resulted in degraded procapsids. These degraded particles are shown to resemble fX174 ''empty virions'', having lost the B and D scaffolding proteins as a consequence of a low ionic strength environment. Recent results using Am 2 SO 4 as precipitant have produced useful crystals of the procapsid (unpublished results). We also examine the induction of conformational changes of the degraded procapsid particle upon incubation with calcium ions.
Results

The F and G proteins
The entire length of the polypeptide chain of the spike protein G (residues 2001 † to 2176) and all but the first nine residues of the capsid protein F (residues 1010 to 1426) were visible in the electron density map of the degraded G4 particles. The tertiary and quaternary structures of these proteins were similar, but not identical, to those of the fX174 proteins (McKenna et al., 1992a) (Figure 1) .
The F protein is the most conserved of all the structural proteins in the Microviridae family of phages fX174 with G4 shows that 66% of the amino acid residues in the F protein are identical, whereas only 40% of the residues in the G protein are identical.
On superimposing the icosahedral axis of the fX174 virion particles onto the degraded G4 procapsid particles, it was found that the F protein C a atoms had a mean translation of 0.37 Å , whereas the G protein had a much larger positional shift of 1.38 Å (Figure 2 ). The comparison also showed that the G protein pentamer was rotated by 1.3°about the icosahedral 5-fold axes (Figure 3 ), while the F pentamers showed no significant axial rotation (less than 0.1°). Because of the change in quaternary structure, the fX174 virion and degraded G4 procapsid G and F proteins were superimposed independently, without reference to the icosahedral axes, using the procedure of Rossmann & Argos (1975) . The resultant amino acid alignments are shown in Figure 10 and do not differ from earlier alignments based only on amino acid sequences. The r.m.s. C a differences are 0.36 Å and 1.09 Å for the F and G proteins, respectively. The smaller the separation of the C a atoms, the higher the conservation of amino acid character, as has been previously observed by Chothia & Lesk (1986) , suggesting that the degree of conservation of an amino acid is proportional to the conservation of tertiary structure. The mean C a positional shift of completely conserved amino acids was 0.40 Å , whereas for all equivalent residues it was 0.83 Å (Table 2 ). Secondary structural elements had greater amino acid conservation and less positional shift than insertion loops (Table 2 and Figure 3) .
The interactions between the G pentamer and the F capsid are mediated mostly through a series of water molecules and maintained by the C and N termini of the G protein. These termini, unlike the G pentamers themselves, are bound to the F capsid and do not show a relative rotation between the fX174 virion and degraded G4 procapsid particles. A salt bridge between arginine 1263 on one F subunit and aspartic acid 1248 on a neighboring F subunit is conserved between fX174 and G4. Similarly, the charge interaction between aspartic acid 2125 and lysine 2124 in 5-fold related G proteins is conserved. Also conserved is the hydrophilic nature of the channels on the 5-fold axes formed by the pentameric units of the F and G protein.
Calcium binding sites
Calcium ion binding sites (I) were located on the F protein in the 3.5 Å resolution difference electron density map. These 60 sites were located in general positions 9.8 Å from the nearest icosahedral 3-fold axis at radial distances of 114.2 Å (Figure 4 ). These Ca 2+ binding sites are coordinated by the carbonyl oxygen atoms of aspartic acid 1421, methionine 1424 and serine 1426, as well as the carbonyl oxygen of alanine 1321 and the side-chain of asparagine 1322 from a neighboring 5-fold related F protein (Figure 4 ) (site I, see Ilag et al., 1994) . These sites are equivalent to those observed for the fX174 virion. However, the asparagine 1322 interaction in G4 probably compensates for the lack of ordering in the N terminus of the F protein, whereas glutamine 1004 interacts with the Ca 2+ in fX174 (Table 3) .
Ordering of the J protein
The presence of the Ca 2+ at site I caused the appearance of density corresponding to the C-terminal region of the J protein (residues 3015 to 3025) in the 3.5 Å resolution difference electron density map ( Figure 5 ). This J protein density was not visible in the native electron density map. In total, 80% of the amino acid residues in the J protein in this region are conserved between fX174, a3, fK and G4 . The ordered J protein residues of the degraded G4 procapsid have an r.m.s. C a deviation of 0.37 Å from those in the fX174 virion (Figure 2 ).
Discussion
Assembly intermediates are required to be structures poised ready to continue the maturation process. Structural studies should, therefore, attempt to avoid triggering subsequent steps in the assembly. The degraded procapsid particles of G4 were unintentionally formed during the crystallization procedure. The scaffolding proteins B and D were removed from the procapsid particle, creating a DNA empty ''virion-like'' particle consisting of the structural proteins F, G, H and some J. Removal of the interior B (presumably through the 30 Å diameter holes on the 3-fold axes) and the external D scaffolding proteins (Ilag et al., 1995) would normally require DNA packaging and an increase in Ca 2+ , respectively. In the crystallization system, using PEG8000 as the precipitant, the B and D protein precipitated out of solution prior to the formation of crystals of the degraded particles ( Figure 6 ).
Many amino acid residues are conserved between the primary sequences of fX174 and G4. The capsid protein F is highly conserved for residues that are likely to be functionally important. For instance, the salt bridges, most likely important in the early stages of phage assembly in the formation of the 9S and 6S pentameric unit of the F and G protein, respectively, occur in fX174 and G4 (Table 4) and can be postulated to occur in a3 and fK from sequence alignments. The spike protein G is the least conserved structural protein, the most noticeable feature being the preserved hydrophilic nature of the 5-fold channel through which the DNA is ejected.
The fX174 virion had been shown to have three Ca 2+ binding sites (I, II and III), whereas the degraded G4 particle had only the Ca 2+ binding site I. This site is in the same general position on both G4 and fX174 capsid surfaces. The other two sites, identified in fX174, occurred on the 3-and 5-fold icosahedral axes of symmetry. These ion binding sites may not be as functionally essential as site I, since they quench repulsive charges on oxygen atoms forming a carboxyl cage, which is hence required for stabilizing the capsid. In contrast, the general Ca 2+ binding site I, found in both G4 and fX174, is more likely to be functionally important for DNA ejection, as both phages have this site and as Ca 2+ is required for this process (Incardona & Selvidge, 1973) .
In the presence of Ca 2+ , the fX174 virion structure had additional electron density in a highly conserved surface valley of the F protein capsid near the 2-fold axes. This density was putatively assigned to a glucose molecule, which co-purified with the virion , and may be part of the host cell receptor binding site. The receptors for this family of phages are lipopolysaccharides found in the outer membranes of E. coli (Incardona & Selvidge, 1973) . In contrast, the G4 particles were purified using a PEG precipitation protocol that had been shown to remove the co-purifying glucose molecules (Willingmann et al., 1990) . Consequently, no ordering of density was observed at this site in the G4 particle.
The degraded G4 procapsid particles showed that the conserved C termini of the DNA packaging protein J were ordered in the presence of Ca 2+ . The J protein has only been observed in fX174 particles that have undergone DNA packaging (Fujisawa & Hayashi, 1977; Aoyama et al., 1983) . Nevertheless, the J protein has been found to be present without DNA being packaged in the degraded procapsid particles of G4. Hence, some J protein enters and binds G4 (but not fX174) procapsid without the help of DNA. This may be because the J protein of fX174 contains an additional proline-rich 12 amino acid residues compared to other Microviridae , suggesting that the function of the J protein is more specific in fX174 (Fane et al., 1992) .
Methods Virus production, purification and crystallization
Nine liters of E. coli C C122 cells were grown to a concentration of 1.0 × 10 8 cell/ml in tryptone-KCl broth at 33°C. Immediately before infection, MgCl2 and CaCl2 were added to a final concentration of 10 mM and 5 mM, respectively (Fane & Hayashi, 1991) . The cells were then infected with the G4 mutant am(E)W4 (Fane et al., 1992) at a m.o.i. of 5. This amber mutation in the E protein inhibits cell lysis and, therefore, permits accumulation of particles. The cultures were incubated at 33°C with constant aeration for three to four hours after infection and chilled to 4°C, and then the infected cells were collected by centrifugation.
The infected cells were resuspended in a buffer containing 50 mM sodium tetraborate and 30 mM EDTA at pH 9.2. The virus particles were then released from the cells by lysis using lysozyme (0.15 mg/ml, one hour of incubation at room temperature), followed by three cycles of freeze-thawing. Cellular material was removed by low speed centrifugation; the DNA-containing G4 virion particles were precipitated with PEG (PEG8000, 0.05 mg/ml, 18 hours, 4°C) and removed by low speed centrifugation. The procapsid particles were pelleted from the remaining supernatant by high speed ultracentrifugation and resuspended in 5% (w/v) potassium tartrate in 50 mM sodium tetraborate at pH 9.2. The particles were further purified in a 5% to 30% (w/v) sucrose gradient in a 5% potassium tartrate/borate buffer. A single tight band was observed in the gradient. The ultraviolet spectrum of the collected fraction had a 260/280 nm absorbance ratio of 0.87, verifying that the particles contained no DNA, compared to the 114S and 70S (DNA-containing particles) of fX174, which have absorption ratios of 1.55 and 1.25, respectively (Eigner et al., 1963) . SDS-PAGE gels clearly showed the presence of the scaffolding proteins B and D. Furthermore, negatively stained electron micrographs showed that the particles were procapsids. The purified particles were pelleted by high speed ultracentrifugation and resuspended to a final concentration of 10 mg/ml for crystallization.
The procapsid particles were crystallized at room temperature using the hanging drop vapor diffusion method (McPherson, 1982) . The reservoir solution contained 2.0% (w/v) PEG8000 and 0.2 M KCl in 50 mM bis-Tris (pH 6.8) buffer, over which was suspended a hanging drop of 5 ml of virus diluted with 5 ml of reservoir solution. Large amounts of precipitation were observed forming around the growing crystals (Figure 6 ), which started to appear approximately two weeks after the crystal trays were set up. It was shown, using SDS/polyacrylamide gel electrophoresis (data not shown), that during the crystallization process the scaffolding proteins B and D dissociated from the procapsid particles and precipitated, leaving the degraded particles to crystallize. Similar observations have cbeen made for fX174 (Ilag et al., 1995) . 
X-ray diffraction data collection
The X-ray diffraction data for the G4 degraded procapsid particles were collected by oscillation photography at the Cornell High Energy Synchrotron Source using the F1 station (l = 0.908 Å ). The crystals were cooled to 4°C and an oscillation angle of 0.4°was used during data collection. To avoid radiation damage prior to data collection, no setting photographs were taken (''the American method''; Rossmann & Erickson, 1983) . The X-ray diffraction data used in data processing were obtained from 27 films (obtained from eight crystals, with a crystal-to-detector distance of 180 mm using an exposure time of 15 to 20 seconds) and 32 image plates (from seven crystals, with a crystal-to-detector distance of 280 mm using an exposure time of 7.5 to 10 seconds). All the X-ray diffraction data were collected in a single data collection trip, which had the advantage that the wavelength could be assumed to be constant. The diffraction images were initially indexed using either the auto-indexing procedure OSC123 (Kim, 1989) or DENZO (Otwinowski, 1993) , and then processed (Rossmann, 1979) , scaled together and post-refined . The Laue class was found to be 6/mm on the basis of the good agreement between symmetryrelated structure amplitudes. The overall percentage of useful data at 2.8 Å resolution was 46.1% after rejecting reflections with I/s(I) > 3 (Table 6 ), giving Rmerge = 13.4%.
The hexagonal cell dimensions were found to be a = b = 414.2(5) Å and c = 263.0(3) Å . The crystal space group was assigned to be P6322 because of the (001) systematic absences along c. With two particles in the unit cell, VM was calculated to be 4.1 Å 3 /dalton (Matthews, 1968) , assuming a particle molecular mass of 4.8 × 10 6 Da, showing that there was 1/6th of a particle per asymmetric unit, resulting in 10-fold non-crystallographic redundancy per crystallographic asymmetric unit. This required that each particle was situated on a 32 special position. This calculated VM was seemingly high due to the absence of DNA in the interior of the particles and its omission from the molecular mass estimation.
The quality of data collected on film and image plate media was comparable, with the processed film data having an overall Rmerge of 1% less than the image plate data. This was probably caused by the number of pixels used in the profile fitting during data processing (Rossmann, 1979) being less for the image plates (13 pixels), which had been scanned at 100 mm, compared to the films (21 pixels), which were scanned at 50 mm. The coarser scanned grids result in less accuracy in the measurements of the individual reflection. However, there was an advantage of improved sensitivity and greater dynamic range with the image plates, which required only about half of the exposure time of film and thus permitted more images to be collected per crystal.
Particle orientations and positions
The orientations of the virus particles in the unit cell were confirmed with a self-rotation function (Rossmann & Blow, 1962) , using data between 10.0 and 5.0 Å resolution and a radius of integration of 130 Å (Figure 7) . Consistent with there being only two particles in the unit cell, the rotation function showed that there were two sets of icosahedrally related peaks representing the two virus particles (Figure 7(a) and (c)), with 3-and 2-fold axes of the virus' icosahedron parallel to corresponding crystal symmetry axes. . Alignment comparing the amino acid sequences of (a) the F protein, (b) the G protein, and (c) the J protein determined by the superposition of the G4 structure onto fX174. The amino acid residues correspond to the modified sequence as redetermined by B. A. Fane (unpublished data) ( Table 2) . Conserved residues are depicted in bold type for G4 and by a dash for the fX174 sequence. Dots depicit insertion in the sequence alignments. The sequence numbering and secondary structural elements are for G4. Figure 11 . Stereo diagram shows the G4 electron density for residues 1034 to 1037 of the F protein, demonstrating that residues 1036 and 1037 were not glycine as reported (Godson et al., 1978) , but valine (B. A. Fane, unpublished results).
It is convenient to define two types of unit cells before describing the procedures used in molecular replacement. The ''p-cell'', with an orthogonalized coordinate system, Y, is the unit cell of the unknown crystal structure, in this case the hexagonal P6322 cell of degraded G4 procapsid. The ''h-cell'', with a Cartesian coordinate system, X, is the unit cell containing a single particle in a known standard orientation (Figure 7(a) ). A matrix, [P] , defines a rotational relationship between the structure in the h-cell and the reference particle in the p-cell , by
The [P] matrix for the reference particle was:
[P] = 2 1.000 0.000 0.000
where d = 20.905° ( 1) Packing considerations (Hahn, 1992) showed, that for the space group P6322, a virus particle of the dimensions of G4, positioned on a 32 point group symmetry operator, could be situated either at 1/3,2/3,3/4 (Wyckoff notation d) or at 1/3,2/3,1/4 (Wyckoff notation c). Therefore, it was necessary to determine whether the particle with orientation given by (1) was positioned at d or c. Structure factors were calculated using fX174 as a search model for the two possible structure solutions. Only the backbone atoms in the F and G proteins were used. The resultant R-factors calculated for all observed data to 11 Å resolution were 51.7% and 45.8%, respectively, demonstrating that the reference particle was centered at position c.
Phase extension by molecular replacement
Phases were generated in the 15.0 to 6.0 Å resolution range using the fX174 model (as described above) given the known orientations and particle centers in the G4 unit cell. The initial phases were improved (Rossmann, 1990) , utilizing the 10-fold icosahedral averaging and the program ENVelope , within a spherical shell envelope of inner radius 70 Å and outer radius 165 Å , with solvent flattening outside and inside the shell. Tangential planes were used to separate particles where there was overlap between spheres. Calculated structure factors were used to supplement the unobserved structure factors, and Fourier coefficients were weighted (Arnold et al., 1987) by their figure of merit. Phase improvement had converged after ten cycles of real space molecular averaging; the mean correlation coefficient had improved from 0.37 (cycle 1, Figure 8 ) to 0.81 (cycle 10, Figure 8 ), while the R-factor decreased from 43.4% to 22.6%. Phases were extended from an initial determination at 6.0 Å in steps to 5.0, 4.0 and 3.0 Å resolution (Figure 8 ). At each step, phases for the newly included reflections were calculated as described above using the fX174 backbone model, and improved by electron density averaging and solvent flattening. After a total of 36 cycles of phase extension and improvement, the final correlation coefficient was 0.76 and the R-factor was 25.1% for the data set with 55% observed structure factors between 15.0 and 3.0 Å resolution.
Further phase improvement was achieved by using an experimentally derived particle envelope instead of a sphere (McKenna et al., 1992b; Fry et al., 1993) . The mask was generated by averaging and skewing the p-cell into the h-cell. Such averaging, given 60-fold redundancy, essentially cancels out all other particles that do not obey the local non-crystallographic symmetry in the p-cell with respect to a chosen particle center. This density was then used to establish a mask employing a series of criteria , including a 175 Å radial limit to the particle size. The most sensitive of these criteria was the absolute height of density (the density ''cutoff'') in the h-cell that determined the best molecular envelope. This value was established (McKenna et al., 1992b) by plotting the number of grid points (proportional to volume) within the molecular mask expressed as a percentage of the number of grid points within one asymmetric unit of the p-cell ( Figure 9 ). As the density cutoff decreased, the volume of the molecular mask increased in a roughly linear manner. When the density cutoff had been reduced to below the mean smeared density encountered within the protein density, then the volume of the molecular mask increased precipitously. At that point, the volume of the mask was 44% of the volume of the p-cell asymmetric unit, consistent with expectation. Using the molecular mask, 28% of the grid points were reassigned as solvent, while only 2% of the grid points had been assigned to a wrong molecular center in the spherical mask. Thus, the improvement of correlation coefficients, once the structure had been solved, was mostly due to the larger volume available for solvent flattening, rather than problems arising due to the interdigitating spikes.
After a further ten cycles of phase improvement using the molecular mask, the final correlation coefficient converged to 0.85 and the R-factor was reduced to 19.9% Table 5 . Nucleotide and amino acid changes found in gene F that differ from the sequence reported by Godson et al. (1978) Godson et al. (1978) .
b The amino acid residues are numbered, starting with 1, after the methionine start codon.
Figure 12.
Ramachandran plot of the G4 model. Glycine is denoted by a triangle. All residues were inside allowed regions (Morris et al., 1992) . between 15.0 and 3.0 Å resolution. This improvement was particularly noticeable in the higher resolution shells (Figure 8 ).
Map interpretation
The folds of the polypeptide chains of the F and G proteins in G4 phage were very similar to that of the equivalent proteins in fX174 (McKenna et al., 1992a ). An atomic model was built with respect to the 3.0 Å resolution map using an Evans & Sutherland PS390 graphics system and the program FRODO (Jones, 1978) . The amino acid identification was based on the linear sequence alignment of the F and G proteins for the G4 (Godson et al., 1978) and fX174 (Sanger et al., 1977) phages (Figure 10 ), as well as the electron density (Figure 11 ). The electron density, however, indicated a difference in the amino acid identification to that reported by Godson et al. (1978) at positions 1035, 1036, 1068 and 1281 (Table 5 ). The most prominent examples of this were in the F sequence at residues 1035 and 1036. In the published sequence, these two residues are reported as glycine, whereas the electron density clearly indicated the presence of side-chains ( Figure 11) . Hence, the genome of the G4 that was crystallized was isolated and the regions coding for the structural proteins F, G and J were sequenced (Table 5) .
Residues 1035 and 1036 of the F protein were both found to be valine. The F and G main-chain ( Figure 12 ) and side-chain torsion angles were monitored using the program PROCHECK (Laskowski et al., 1993) and the bond geometry was refined to the FRODO library (Jones, 1978) . The final R-factor for all data between 6.0 and 3.0 Å resolution was 35.2% with a bond length r.m.s. delta of 0.031 Å from ideal values, as taken from the FRODO library. These coordinates have been deposited with the Brookhaven Protein Data Bank (Reference: 1GFF).
Determination of calcium binding sites
Crystals of the G4 degraded procapsid particles were soaked in 1 ml of 5 mM CaCl2, 10 mM bis-Tris (pH 6.6) and 2% (w/v) PEG8000, for 12 hours at 4°C. X-ray diffraction data collected and processed, as described above, were obtained from 17 image plates (from six crystals, with a crystal-to-detector distance of 300 mm using an exposure time of 7.5 seconds). The overall percentage of useful data at 3.5 Å resolution was 21.9% with I > 3s(I) ( Table 6 ) and Rmerge was 10.5%.
The native and calcium-incubated data were scaled to each other in local resolution shells. The mean differences increased beyond about 7 Å resolution, suggesting lack of isomorphism at higher resolution. An electron density map was computed using (Fcalcium − kFnative) exp( ia native) coefficients, where Fnative are the observed structure amplitudes for the native G4 degraded particle crystals, Fcalcium are the observed structure amplitudes for calcium-modified crystals, k is a scale factor and anative are the phases derived by electron density averaging of the native structure. The calculated difference map was 10-fold icosahedrally averaged.
